Ring finger protein 11 (RNF11) is a small RING E3-ligase overexpressed in numerous human prostate, colon and invasive breast cancers. Although functional studies have implicated RNF11 in a variety of biological processes, including signal transduction and apoptosis, the molecular mechanisms underlying its function are still poorly understood. In this study we show that RNF11 is a membrane-associated E3 ligase co-localizing with markers of both the early and the recycling endosomes. Several modification and protein interaction signals in the RNF11 sequence are shown to affect its compartmentalization. Membrane binding requires two acylation motifs driving the myristoylation of Gly2 and the S-palmitoylation of Cys4. Accordingly, genetic removal of the myristoylating signal results in diffuse staining, whereas an RNF11 protein mutated in the palmitoylation signal is retained in compartments of the early secretory pathway. However, amino-terminal fusion to green fluorescent protein of a 10-residue peptide containing both acylation signals re-localizes the chimera to the plasma membrane, but it is not sufficient to direct it to the recycling compartment suggesting that additional signals contribute to the correct localization. In addition, we show that membrane anchoring through acylation is necessary for RNF11 to be posttranslationally modified by the addition of several ubiquitin moieties and that loss of acylation severely impairs the in vivo ubiquitination mediated by the HECT E3-ligases Itch and Nedd4. Finally, in cells transfected with RNF11 we observe a correlation between high RNF11 expression, as in tumor cells, and a swelling of the endosomal compartment suggesting a possible role of the dysregulation of the endosome compartment in tumorigenesis.
Ring finger protein 11 (RNF11) is a small RING E3-ligase overexpressed in numerous human prostate, colon and invasive breast cancers. Although functional studies have implicated RNF11 in a variety of biological processes, including signal transduction and apoptosis, the molecular mechanisms underlying its function are still poorly understood. In this study we show that RNF11 is a membrane-associated E3 ligase co-localizing with markers of both the early and the recycling endosomes. Several modification and protein interaction signals in the RNF11 sequence are shown to affect its compartmentalization. Membrane binding requires two acylation motifs driving the myristoylation of Gly2 and the S-palmitoylation of Cys4. Accordingly, genetic removal of the myristoylating signal results in diffuse staining, whereas an RNF11 protein mutated in the palmitoylation signal is retained in compartments of the early secretory pathway. However, amino-terminal fusion to green fluorescent protein of a 10-residue peptide containing both acylation signals re-localizes the chimera to the plasma membrane, but it is not sufficient to direct it to the recycling compartment suggesting that additional signals contribute to the correct localization. In addition, we show that membrane anchoring through acylation is necessary for RNF11 to be posttranslationally modified by the addition of several ubiquitin moieties and that loss of acylation severely impairs the in vivo ubiquitination mediated by the HECT E3-ligases Itch and Nedd4. Finally, in cells transfected with RNF11 we observe a correlation between high RNF11 expression, as in tumor cells, and a swelling of the endosomal compartmentIntroduction Ring finger protein 11 (RNF11) is a highly conserved gene (Seki et al., 1999) that was originally cloned from a library enriched for cDNAs overexpressed in breast cancer cell lines . The RNF11 gene product is a 154-amino-acid protein containing at least two functional modules: an N-terminal PPPY motif that binds WW-domain containing proteins, such as AIP4/ Itch, Nedd4 and Smurf1/2, and a C-terminal RING-H2 domain (Sudol et al., 1995; Kitching et al., 2003) . The function of the RNF11-binding partners that have been identified so far (Colland et al., 2004; Li and Seth, 2004) suggests that RNF11 is likely to be involved in numerous pathways, such as regulation of signal transduction, trafficking and modulation of the transcriptional activity. In particular, the role of RNF11 in transforming growth factor b (TGFb) signaling has been extensively studied, showing that it enhances the transactivation activity of Smad4 and of Smad2-Smad4 transcription complexes and abrogates Smurf2-mediated ubiquitination of the TGFb receptor, thereby enhancing TGFb signaling (Azmi and Seth, 2005) . Furthermore, RNF11 cooperates with Smurf2 to degrade AMSH, a de-ubiquitination enzyme that enhances TGFb signaling and EGFR-endosomal recycling (Li and Seth, 2004) . Chen and colleagues reported that the HECT-E3 ligase WWP1 binds RNF11 and contrasts its function, consequently upregulating ErbB2/ EGFR and promoting cell proliferation (Chen et al., 2008) . These observations suggest a role for RNF11 in maintaining an appropriate balance between activation and inhibition of both the TGFb and EGFR pathways. RNF11 also regulates the A20 ubiquitin-editing complex by interacting with A20, Itch, TAX1BP1 and RIP1 in a tumor necrosis factor-dependent manner and leading to the inactivation of key signaling molecules and the termination of the tumor necrosis factormediated NF-kB signaling (Jacque and Ley, 2009; Shembade et al., 2009) . Finally, RNF11 is expressed by vulnerable neurons of the substantia nigra and has been proposed as a candidate gene for Parkinson's disease (Anderson et al., 2007) .
All these observations are not yet interpreted within a common and simple mechanistic framework because essential information is still missing. For instance, little is known about the cellular distribution and the posttranslational modifications of RNF11. When transiently transfected in cells, RNF11 is found in punctuate structures distributed throughout the cytoplasm (Anderson et al., 2007) . However, other authors recently reported a diffuse staining of overexpressed RNF11, which re-localizes in endosomal/lysosomal bodies following stimulation with TGF-b (Azmi and Seth, 2009) . To further characterize the unique role of RNF11 in cells, we studied the sequence signals and the posttranslational modifications mediating its association with specific cellular compartments.
Results

RNF11 is a RING E3-ligase associated with membranes by acylation
To study the cellular distribution of RNF11 we transfected the E3-ligase in Hek293 with either an N-or C-terminal Flag epitope fusion and the and cytoplasmic fractions were analyzed by immunoblotting (Figure 1 ). RNF11-3xFlag was enriched in the membrane fraction, whereas hardly any flag immunoreactivity was recovered in the cytosolic fraction. Conversely, Flag-RNF11 was predominantly found in the soluble fraction. The result proves that the appended tag affects the subcellular localization of the recombinant protein and suggests that a free N-terminal end in RNF11 is an essential requisite for its membrane association, and presumably for its proper cellular localization.
We, therefore, investigated whether RNF11 is anchored to membranes by N-terminal fatty acid modifications. When the amino-acidic sequence of RNF11 is analyzed by the Myristoylator program (http://www. expasy.org/tools/myristoylator/), which detects putative N-terminal myristoylation signals (Towler et al., 1988) , a statistically significant hit was detected in the Nterminal sequence 1 MGNCLK 6 . N-myristoylation of the amino-terminal glycine is catalyzed by N-myristoyl transferases, (Towler et al., 1988; Farazi et al., 2001) and only occurs after recognition and removal of the initiating methionine by methionine aminopeptidase. This could explain why the N-terminal flagged RNF11 would not become a suitable target for aminopeptidase, which is unable to recognize internal methionines. N-myristoylation is required, but not sufficient for membrane anchoring and often occurs together with S-acylation of proximal cysteine residues (Resh, 1999; Linder and Deschenes, 2007) . S-acylation, more commonly referred to as palmitoylation, involves the attachment of palmitate or stearate to cysteine residues through a reversible thioester linkage. The NBA-Palm program (http://www.bioinfo.tsinghua.edu.cn/NBA-Palm/ prediction.php) (Xue et al., 2006) identifies the proximal cysteine at position 4 (   1   MGNCLK   6 ) as a high probability palmitoylation site.
To confirm that RNF11 was a dually acylated protein, we generated two mutants of RNF11-green fluorescent protein (GFP), respectively, the Gly2Ala and the Cys4Ser mutant, and we examined their localization by fluorescence microscopy. When transfected in HeLa cells, RNF11wt was clearly associated with vesicularlike structures throughout the cytosol, whereas the mutant RNF11-G2A showed a diffused staining, presumably as a consequence of an acylation defect ( Figure 2a) . Conversely, the C4S mutant showed a partial cytosolic staining and it accumulated in perinuclear areas, suggesting that the protein lacking the second acylation signal was retained in compartments of the early secretory pathway. Thus, it seems that both modifications contribute to the association of RNF11 with membranes.
These conclusions were confirmed by cellular fractionation ( Figure 2b ). RNF11wt, G2A and C4S, expressed in Hek293, were assayed for their distribution between the soluble (C) and membrane fractions. According to the previous results, the wild-type protein is largely membrane associated, in contrast to the G2A (Myr-) mutant that is found in the cytosolic fraction, and the C4S (Palm-) mutant that seemed equally distributed between both fractions (see also quantification in Figure 2b ). Finally, cells transfected with RNF11wt or the mutants G2A and C4S were labeled with [3H] myristic acid, immunoprecipitants were fractionated by SDS-PAGE and the incorporated 3H radioactivity was monitored by autoradiography ( Figure 2c ). The assay confirmed that wild-type RNF11 and the C4S mutant are myristoylated, whereas the mutation in Gly2 completely abolishes the incorporation of myristic acid. We could not provide a direct evidence of palmitoylation by incorporation of [3H] palmitic acid, probably because it requires extending the time exposure. Even if our data are compatible with RNF11 being acylated at position 4, we cannot firmly conclude that this residue is modified by the addition of palmitic acid. From now on, although we will state that RNF11 is palmitoylated in Cys4, we intend to refer to palmitoylation as a general term to indicate the attachment of long-chain fatty acid (Resh, 2006; Linder and Deschenes, 2007) . Figure 1 Subcellular localization of RNF11. Hek293 cells were transiently transfected with the cDNA of RNF11 cloned in pcDNA-CMV14-3xFlag (left) or in pcDNA3.1-Flag (right). As shown in the graphic representation, the first expression plasmid directs the synthesis of a hybrid RNF11 protein with three Flag peptides at the C-terminus, whereas the second has a single Flag peptide at the N-terminus. 24 h after transfection cellular extracts were fractionated into total membranes and cytosolic fractions. Subcellular fractionation was confirmed by immunoblotting with anti-glyceraldehyde-3-phosphate dehydrogenase antibody.
Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al Finally, we analyzed the endogenous RNF11 distribution using a home-made polyclonal rabbit serum against the full-length protein. As shown in Figure 3 , the antibody successfully recognized both the overexpressed RNF11 from transfected HeLa cells and the endogenous protein by immunoblotting (Figure 3 ). Moreover, in HeLa cells transfected with RNF11-GFP the immunoreactivity of the anti-RNF11 consistently overlapped with the GFP staining. Finally, when tested on untransfected cells, we obtained a punctate staining that closely resembles the pattern of the fluorescent protein.
Subcellular localization of RNF11
Ring finger proteins are found in different compartments in which they modulate diverse cellular events (Saurin et al., 1996) . To obtain more hints about the function of RNF11 we set out to perform immunofluorescence experiments in which the staining patterns of wild type and C4S mutant RNF11 are compared with the staining obtained with well-characterized markers for the synthetic/exocytic and endocytic routes.
As shown in Figure 4a (left panels), hardly any overlap was found between the localization of RNF11wt and those of lamin, calreticulin and GM130 taken as markers of the nuclear envelope, the endoplasmic reticulum and the Golgi compartment. On the contrary, RNF11-C4S accumulates in the perinuclear area and showed consistent colocalization with the three markers of the synthetic/exocytic pathway ( Figure 4a , right panels), including the Golgi, which is the cellular organelle, together with the plasma membrane, in which palmitoylation generally takes place.
We performed similar experiments with markers of organelles in the endocytic route. As shown in Figure 4b (left panels), the wild-type protein localized in vesicles of the early endosome compartment (EEA1), whereas we observed a much reduced localization in the multi vesicular bodies (CD63); moreover, no staining was detectable in lysosomes (LAMP2). Finally, the analysis of the RNF11C4S mutant confirmed that the nonpalmitoylated mutant is retained mostly in the Golgi compartment and is excluded from the compartments of the endocytic route (Figure 4b, right panel) .
Overall, these results show that, at steady state, most of RNF11 is associated with organelles from the early endocytic pathway in HeLa cells. They also provide indirect evidence that the wild-type protein moves along the exocytic route through the ER-Golgi compartments, and that the palmitoylation of the cysteine residue at position 4 of RNF11 is required for this process. Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al RNF11 localizes in the endocytic recycling compartment As previously shown, the double acylation directs RNF11 to vesicles structures that are mostly positives for the early endosome marker EEA1. Nevertheless, a considerable fraction of vesicles positive for RNF11-GFP are concentrated in a perinuclear region close to the Golgi, a distribution that resemble that of the endosome recycling compartment. We then performed colocalization experiments of RNF11-GFP with endocytosed transferrin (Tf), a marker of the recycling endosomes ( Figure 5 ). Similar to the result obtained with the EEA1 endosome marker, we observed an extensive colocalization of RNF11 with the Tf (44.1% of colocalization), showing that a significant fraction of RNF11 localizes in the recycling endosome. We conclude that RNF11 localizes to distinct vesicular structures that to a large extent correspond to the endosome compartment, including both the early endosomal vesicles and the recycling endosome, whereas it is largely absent from other membrane compartments.
RNF11 overexpression affects the morphology of the endosome compartments
In HeLa cells overexpressing RNF11 at middle and high levels we observed that the morphology of the early endosomes was perturbed as most EEA1 immunostaining was detected in enlarged vesicles and aggregated, mostly perinuclear, structures ( Figure 6a ). A similar result was obtained for the perinuclear recycling endosomes ( Figure 6b ) with most of the Tf immunostaining detected in enlarged and condensed structures. In contrast, the staining of CD63, LAMP2 and GM130 was unaffected by RNF11 overexpression and appeared as vesicular patterns indistinguishable from that observed in non-transfected cells ( Figure 4 ). Swelling of the early endosome vesicles has been reported after perturbation of the concentration of several proteins involved in intracellular signal transduction, downregulation of receptor tyrosine kinases and sorting/trafficking processes (Stenmark et al., 1994; Komada et al., 1997; Komada and Soriano, 1999; Mizuno et al., 2004) . These observations suggest a role for RNF11 in regulating membrane fusion events and/or vesicular traffic through the endosomal compartment.
The N-terminal acylation motifs of RNF11 are not sufficient to direct the protein to the EEA To test whether the combination of myristoylation and palmitoylation signals found at the N-terminus of RNF11 was sufficient for its targeting to the EEAs, we appended the first 10 amino acids of RNF11 (1-MGNCLKSPTS-10) to the GFP (N10-GFP) and analyzed the cellular localization of this chimera by fluorescence microscopy. When transfected in HeLa cells the N10 chimera showed a clear plasma membrane localization (Figure 7a ), which contrasts with the punctate cytoplasmic staining of wild-type RNF11. Note that no signal was detected at the plasma membrane after ectopic expression of RNF11wt or the mutants G2A (Myr-) and C4S (Palm-), as shown by the colocalization experiments with wheat germ agglutinin ( Figure 7b ). We then investigated the subcellular distribution Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al of different GFP chimeras with RNF11 fragments of growing size (Figure 8 ). The N16 chimera contains a dileucine sequence preceded by an acidic cluster of aspartic residues (11-DDISLL-16). This sequence is reminiscent of the 'acidic di-leucine' motif recognized by the VHS (Vps-27, Hrs and STAM) domain of the golgi-localized, gamma ear-containing, ARF-binding (GGA) proteins (Doray et al., 2002; Misra et al., 2002) . The N50 chimera includes the WW domain-binding motif (37-PPPY-40), whereas the entire amino-terminal region up to the RING domain is present in the N100 chimera. As shown in Figure 7 the N10 chimera localized to the plasma membrane with no significant labeling of intracellular structures. In contrast, in addition to membrane staining, a substantial fraction of the N16 chimera was found in perinuclear structures, adjacent to and contiguous to the nuclear membrane.
Moreover, cells transfected with N16 were extensively decorated with membrane ruffles and projections. Finally, the chimeras N50 and N100 showed cellular distribution that more closely matches that of wild-type RNF11. We conclude that the N-terminal myristoylation and palmitoylation motifs are necessary and sufficient for the efficient recruitment to particular plasma membrane microdomains, whereas the ultimate steady-state destination of RNF11 requires further signals, most likely mediating protein-protein interactions.
Identification of protein binding signals in the regions necessary for early endosome localization Our deletion mapping experiments have identified two protein interaction motifs in the regions that are ) in transfected HeLa cells. Cells were grown on cover slips and transfected with the indicated constructs; 24 h after transfection cells were fixed and stained with anti-calreticulin (endoplasmic reticulum), anti-lamin (nuclear envelope) and anti-GM130 (golgi compartments) to analyze the distribution of RNF11 in the synthetic route (a) whereas the EEA1 (early endosome), CD63 (late endosome) and LAMP2 (lysosomes) markers were used to highlight the distribution of RNF11 in the endocytic route (b). RNF11 wild type mainly localizes in the early endosome, whereas the distribution of the non-palmitoylated mutant (RNF11C4S) is restricted to the endoplasmic reticulum and golgi compartments. RNF11 is visualized in green and the localization markers in red. The immunofluorescence analysis was performed by serial optical sectioning and 3D reconstruction as described in Materials and methods. A full colour version of this figure is available at the Oncogene journal online.
Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al essential for proper localization: an acidic di-leucine cluster, typical of VHS domain binding and the WWbinding motif. The potential of the N-terminal region of RNF11 to interact with GGA1 was confirmed by a pull-down experiment ( Figure 9 ). The N-terminal region of RNF11 (aa 1-100) and the full-length protein (aa 1-154), expressed as GST fusions, were incubated with a Hek293 cellular extract, to detect binding to the endogenous GGA1. The result shows that both the N-terminal region and the full-length protein bind GGA1. Next, we tested the interaction of the purified GST-VHS domain of GGA1 with the peptide RNF11 (7-21) containing the acidic di-leucine motif that have been synthesized on nitrocellulose membrane together with positive and negative controls (see legend for details). We found that the VHS domain binds the dileucine motifs and the interaction is disrupted when either of the leucines or the aspartic acid are mutated to alanine (Figure 9b ). The WW domains of the HECT E3 ligases AIP4/Itch, Nedd4 and Smurf2, and most prominently the third of their multiple WW domains, can bind RNF11 in pulldown assays. In accord with this result, the mutation Tyr40Ala in the PPPY motif completely abolishes binding (Figure 10 ).
Mislocalization of RNF11 affects its ubiquitination
We next investigated the functional consequences of RNF11 localization. As recently reported (Chen et al., 2008) , ectopically expressed RNF11 is ubiquitinated with several ubiquitin moieties. This modification depends on the activity of HECT-E3 ligases that recognize the PPPY motif on RNF11. We thus overexpressed wild-type RNF11, or its mutants G2A and C4S, together with ubiquitin in Hek293 to test whether the acylation of RNF11 and its effect on localization could affect ubiquitination. As seen in Figure 11 , the immunoprecipitated RNF11wt shows a number of bands in the range expected for a mono-ubiquitinated protein and a high molecular weight smear that is consistent with poly/multi ubiquitylation accompanied by additional post-translational modifications (for example, acylations and phosphorylations). This result confirmed that RNF11 undergoes ubiquitylation in vivo. Conversely, the ubiquitination of mislocalized RNF11-G2A (Myr-) was strongly reduced and a similar, albeit less pronounced result, was observed with the C4S mutant, which is only partially anchored to membranes. Taken together, these results show that ubiquitination of wild-type RNF11 in vivo is strongly affected by its localization.
Itch ubiquitinates and co-immunoprecipitates with RNF11
To further investigate the consequences of mislocalization on RNF11 ubiquitination, we analyzed the in vivo ubiquitination mediated by the HECT-E3 ligase Itch. We co-transfected Hek293 cells with cDNAs encoding for RNF11-3xflag, myc-Itch (or its catalytically inactive mutant ItchC830S) and ubiquitin-HA (Figure 12 ). The result confirms that RNF11wt is multi-ubiquitinated even in the absence of overexpressed Itch (first lane, left panel), whereas the ubiquitinated isoforms are dramatically reduced when RNF11 is mislocalized (RNF11G2A, central panels). Moreover, overexpressed Itch promotes the ubiquitination of RNF11, both the wild type and to a lesser extent the G2A mutant, without Finally, we generated the mutant RNF11-RINGmut (Cys99,102/Ser) and we expressed it alone or in combination with Itch ( Figure 12 , right panels). The ubiquitination level of this mutant is comparable with that observed with the wild type (confront lanes 1 and 2 in the upper left and right panels), suggesting that RNF11 is predominantly ubiquitinated by other Figure 6 Overexpressed RNF11 affects the morphology of both the early endosome and the endosome recycling compartments. HeLa cells were transfected with GFP alone, RNF11 wt and G2A and analyzed by immunofluorescence microscopy with anti-EEA1 antibody as a marker of the early endosome (a) or they were incubated with Alexa488-Tf for 60 min at 37 1C to highlight vesicles of the recycling endosome (b). For RNF11wt two different levels of overexpression are shown. A full colour version of this figure is available at the Oncogene journal online.
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E Santonico et al E3-ligases. Nevertheless, an auto-ubiquitination mechanism cannot be excluded. RNF11wt immunoprecipitates Itch, both wt and mutated ( Figure 13) . Remarkably, the mislocalized G2A mutant still associates with Itch, but with a consistently reduced efficiency, whereas we couldn't observe any co-immunoprecipitation of Itch with the RNF11Y40A mutant, confirming that mutating the PPPY motif strongly affects the association of RNF11 with Itch in vivo. Finally, RNF11-RINGmut efficiently co-immunoprecipitates with Itch. We concluded that Itch directly ubiquitinates RNF11; nevertheless, our data cannot definitively exclude the possibility that the recognition of the substrate could be dependent also on the interaction with common binding partners.
A similar experiment performed with the E3-ligase Nedd4 (Figure 14) showed that, even if mislocalizing RNF11 drastically reduces the ubiquitination efficiency, it is only partially restored by the overexpression of Nedd4. Moreover, differently from Itch, the ubiquitination of RNF11 seems to be weakly reinforced by the overexpression of Nedd4, which on the other hand seems to promote the degradation of the RFN.
To conclude, our results show that the overexpression of Itch and to a lesser extent of Nedd4 results in the ubiquitination of RNF11, only when this is correctly localized. The two ligases, however, function by different mechanisms possibly associated with different functions.
Discussion
Several reports address the small RING E3-ligase RNF11 (RFN 11) as an important regulator of cell growth Seki et al., 1999; Subramaniam et al., 2003) . However, its functional role is poorly understood and literature reports are often contradictory.
The work presented in this study addresses the signals and molecular mechanisms affecting the targeting of RNF11 to different cellular compartments. Using computational, biochemical and fluorescence microscopy methods we show that RNF11 is associated with membranes by a double acylation (myristoylation and palmitoylation) at the N-terminal end. A commonly accepted notion is that, acylation enhances the interaction of the modified proteins with lipid rafts and caveolae (Oh and Schnitzer, 2001) . Rafts, which have been involved in endocytic events (Parton and Richards, 2003) and in cell signaling (Foster et al., 2003) , are usually most abundant at the plasma membrane, but can also be found in biosynthetic and endocytic pathways. The distribution of ectopically expressed RNF11, which localize to the early and recycling endosomes, is consistent with the assumption that acylated RNF11 localizes to the lipid rafts of the endosome compartment.
The short N-terminal domain of RNF11 (N10 chimera) encoding for the diacylation motif is a plasma membrane-targeting signal. Nevertheless, our data show Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al that the proper localization of RNF11 in the endosomal compartment requires two additional sequences matching the binding motifs for VHS and WW domains, respectively. Several HECT E3-ligases were shown to associate with endosomal compartments, in which they have essential roles in receptor endocytosis (Staub et al., 2000; Vecchione et al., 2003) . The recruitment of RNF11 to the endosome compartment and the association with resident HECT E3-ligases could underlie a mechanism accounting for the role of RNF11 in the regulation of signaling pathways activated by membrane growth factor receptors. Moreover, the identification of STAM2, epsins and endophilin as putative binding partners of RNF11 (Colland et al., 2004; Li and Seth, 2004; Azmi and Seth, 2005) supports the involvement of RNF11 in protein sorting events. Despite our demonstration of the importance of the correct subcellular localization of RNF11 for its proper functioning, we only partially understand the mechanisms of intracellular transport and distribution of this protein. We expect that RNF11 is co-translationally myristoylated in the endoplasmic reticulum. Clearance from the Golgi apparatus requires its palmitoylation, as RNF11 mutated in Cys4, which is predicted to be part of a palmitoylation signal, is retained in the Golgi. Once palmitoylated, RNF11 is transported to the endosomal compartment by vesicular traffic. In our experimental conditions we could not observe any plasma membrane localization, therefore, it can be speculated that RNF11 moves along the secretory route and reaches the plasma membrane, where it is rapidly internalized and sequestered in the endosomal compartment, thanks to the association with binding partners.
Our results suggest that the HECT ligases Itch/AIP4 and Nedd4 modify RNF11 by adding several ubiquitin moieties. In vitro Nedd4 and Itch preferentially synthesize K63-linked polyubiquitin chains (Kim et al., 2007; Scialpi et al., 2008) , a modification underlying nonproteasomal functions . Although both ligases stimulate RNF11 ubiquitination in vivo, their activities are not interchangeable. In fact, unlike Nedd4, Itch-mediated ubiquination does not require the integrity of the WW binding site on RNF11. In addition, only Nedd4 ubiquitination induces RNF11 degradation. Although we have not investigated the nature of these divergent functions, we can speculate that Nedd4 and Itch interact with RNF11 at different stages of the endocytic route. Depending on the protein composition of the specific vesicles they may, as a Transfected cells were incubated at 37 1C for 18 h before fixation. The panels show cuts through cells at the level of the nucleus. In cells expressing the N10-GFP chimera the protein is almost completely localized to the plasma membrane, whereas in cells expressing the N16-GFP there is staining of the plasma membrane and of intracellular structures. The chimeras N50 and N100 localize mainly in intracellular structures distributed throughout the cytoplasm with a minor signal at the plasma membrane, whereas the GFP chimera with RNF11 full-length protein predominantly localizes at the endosome compartment. In the graphical representation asterisks indicate the acylated amino acids (respectively, Gly2 and Cys4), the gray bar the acidic di-leucine motif (11-DDISLL-16) and the black bar the WW domain-binding motif (37-PPPY-40). A full colour version of this figure is available at the Oncogene journal online. Figure 9 GGA1 interacts with RNF11. (a) The recombinant proteins expressing GST-RNF11 full-length (1-154 amino acids) and GST-RNF11-Nt (1-100 amino acids), together with the GST alone, were incubated with a cell extract from Hek293 for 4 h at 4 1C. After washing, pellets were analyzed by SDS-PAGE, transferred to a nitrocellulose membrane and incubated with anti-GGA1 antibody. (b) Pep-Spot analysis of the acidic di-leucine motif in RNF11. Peptides corresponding to aa 7-21 wild type or mutated as indicated in figure, together with positives and negative controls were synthesized on nitrocellulose membrane and incubated with the purified GST-VHS domain of GGA1 or with GST alone. The bound hybrid protein was revealed by incubation with anti-GST and anti-goat peroxidase-conjugated antibodies. Positive controls were the acidic di-leucine motifs (and their corresponding mutants LL/AA) of well-known interactors of GGA proteins, such as CI-MPR (aa 2477-2491) and Sortilin (aa 817-831), whereas two different proline-rich sequences were used as negative controls. A full colour version of this figure is available at the Oncogene journal online.
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α-GFP GST pull-down assays. RNF11 (a) and its PY motif mutant (b), fused to the GFP, were transfected in Hek293 and pulled down with GST and GST-WW domains bound beads. The proteins bound to the beads and 5% of the whole lysate used in the binding assay were separated by 8% SDS-PAGE and analyzed with anti-GFP antibody.
Cell compartmentalization affects ubiquitination of RNF11 E Santonico et al respect it is interesting to note that the Drosophila orthologs Itch/Su(dx) or DNedd4 have been reported to modulate Notch fate by distinct mechanisms (Wilkin et al., 2004) . To conclude, our results firmly establish the cellular localization of RNF11 and in addition, define localization signals that are essential to determine its final destination in the early endosome and recycling compartments. We also show that membrane localization is essential for its physical and functional interaction with HECT E3-ligases. Finally, we show that overexpression of RNF11 as observed in numerous tumors affect the structure and possibly the function, of the endosome compartment and we propose this as one of the molecular mechanisms that contribute to bring about a pathological status.
Materials and methods
Antibodies and reagents
Wheat germ agglutinin Oregon Green488 conjugate was from Invitrogen (Molecular Probes, Eugene, OR, USA), LysoTracker from Molecular Probes (Eugene, OR, USA). Monoclonals anti-HA, anti-flag (M2-Affinity Gel) and polyclonal anti-flag (Sigma, St Louis, MO, USA), polyclonal anti-GFP, anti-tubulin and anti-GGA1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-rabbit and anti-mouse peroxidase-conjugated (Jackson Immunoresearch, West Grove, PA, USA). Antibodies for immunofluorescence were: monoclonal anti-EEA1, anti-GM130 and anti-CD63 (BD Transduction Laboratories, Pharmingen, San Diego, CA, USA), monoclonal anti-LAMP2 (BD Biosciences, Franklin Lakes, NJ, USA), polyclonal anti-calreticulin (Stressgen Biotechnologies, Novus Biologicals, Littleton, CO, USA), anti-mouse Alexafluor-488-conjugated secondary antibody (Molecular Probes).
Antibody production and prokaryotic expression vectors
The cDNA coding for RNF11 full-length and Nterm (aa 1-100) were cloned into pGex2TK.
Lysates from E. coli BL21 strain were purified with a gluthathione-conjugated affinity column (GE Healthcare BioSciences AB, Uppsala, Sweden). After digestion with Thrombin Protease (GE Healthcare Bio-Sciences AB) fragments were recovered, emulsified with adjuvant and used to immunize the rabbits.
Construction of mammalian cell expression vectors
The plasmid vectors encoding for ubiquitin (HA) 6 , myc-Itch and myc-ItchC830S were a gift from M Rossi. The cDNA encoding for RNF11 (Swiss-Prot: Q9Y3C5) was amplified by PCR from a human brain cDNA library (Novagen, Merck KGaA, Darmstadt, Germany) and cloned in pcDNA-CMV14 (Sigma) and pEGFP-N3. Mutants were generated with QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). DNA fragments coding for N10 and N16 chimeras were generated by synthesizing complementary þ and À strand oligonucleotides that were annealed and inserted into pEGFP-N3 (Clontech, Mountain View, CA, USA).
Mammalian cell culture and transfection HeLa and Hek293 cell lines were grown at 37 1C and 5% CO 2 , in DMEM supplemented with 10% fetal bovine serum. HeLa cells were transfected with Lipofectamine 2000, Hek293 cells were transfected with the calcium phosphate method.
Preparation of cytosol and total membranes Transfected Hek293 cells (1 Â 10 7 ) were collected by scraping, washed with phosphate-buffered saline and resuspended in buffer A (10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl 2 , NP-40 0.1%, protease inhibitors). Cells were subjected to freeze-and-thaw thrice, then centrifuged at 14 000 r.p.m. for 30 min at 4 1C to obtain the cytosol and total membranes. Pellets were washed with buffer A and resuspended in 1 Â SDS-PAGE buffer. Hek293 cells were co-transfected with a ubiquitin fused to the HA and wild-type RNF11, the myristoylation-deficient G2A mutant (Myr-) or the palmitoylation-deficient C4S mutant (Palm-), fused to the 3xflag epitope. 24 h after transfection cells were lysed and the extracts immunoprecipitated with anti-flag antibody and subjected to immunoblotting analysis with anti-HA antibody.
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Incorporation assay of myristic acid Transfected Hek293 cells (1 Â 10 7 ) were labeled with 150 mCi/ ml [3H] myristic acid (Perkin Elmer, Boston, MA, USA) for 5 h. Cell lysates were immunoprecipitated with anti-flag M2-agarose and samples were separated by SDS-PAGE. For autoradiographic analysis, gels were treated with EN3HANCE (Perkin Elmer) and exposed to Hyperfilm-MP (Kodak) for 2 weeks.
Preparation of the GST fusion protein and pull-down procedures GST fusion proteins were prepared as previously described (Santonico et al., 2007) . A total volume of 50 mg of immobilized recombinant proteins were incubated with 1 mg of cell extracts in pull-down experiments. The beads were washed with cold buffer (25 mm HEPES pH7.5, 125 mm NaCl, 1% glycerol, 1 mm MgCl 2 , 1 mM PMSF, 5 mM NaF, 5 mM NEM, 0.5% NP-40 and protease inhibitors), boiled in 1 Â Laemmli buffer and separated by SDS-PAGE. Gel was stained with 0.1% (w/v) Coomassie blue R350 solution (Sigma) or transferred onto nitrocellulose membrane for immunoblotting.
Cell lysates, immunoprecipitation and western blot analysis Subconfluent cultures of HeLa cells were lysed in lysis buffer (25 mm HEPES pH 7.5, 125 mm NaCl, 1% glycerol, 1 mm MgCl2, 1mM PMSF, 5 mM NaF, 5 mM NEM, 0.5 % Triton-X-100, 0.5% NP-40, 0.1% sodium deoxycolate and protease inhibitors cocktail). Cleared supernatants were mixed with 4 Â Laemmli sample buffer, boiled, resolved by SDS-PAGE and transferred to nitrocellulose membrane (Protran, Dassel, Germany). Membranes were blocked with 5% non-fat dry milk in phosphate-buffered saline 0.1% Tween-20, incubated with the indicated primary and secondary antibodies and then detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). The extracts were immunoprecipitated with M2 anti-flag agarose gel and equal amounts of immunoprecipitants were analyzed by immunoblotting respectively with anti-Flag (lanes 1, 2 and 3 in the upper panels) and with anti-HA antibody (lanes 4, 5 and 6 in the upper panels), to identify the ubiquitinated isoforms of RNF11. Lower panels: total cell lysates were analyzed by immunoblotting with anti-flag (RNF11), anti-myc (Itch) and anti-HA (ubiquitin) to assess transfection efficiency.
For immunoprecipitation experiments, 1 mg of total protein was immunoprecipitated with agarose-conjugated anti-Flag M2-Agarose for 4 h at 4 1C. After washing, pellets were resolved by SDS-PAGE and transferred to nitrocellulose. Densitometric analysis was performed using Image Quant. Figure 14 Nedd4 ubiquitinates RNF11 in vivo. Hek293 cells were transiently transfected with the plasmid vectors encoding for RNF11 wild type, G2A, Y40A or RINGmut, fused to the 3xflag epitope, and with myc-tagged Nedd4. Lysates were immunoprecipitated with anti-flag M2-agarose and equal amounts of immunoprecipitated proteins were analyzed by immunoblotting with anti-flag and anti-HA antibodies (upper panels) to confirm the immunoprecipitation of the flag-tagged constructs and the presence of multi-ubiquitinated isoforms of RNF11. Whole cell lysates were immunoblotted with anti-myc antibody (lower panels) to assess the transfection of myc-Nedd4.
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Immunofluorescence microscopy, internalization assays and confocal microscopy Transfected HeLa cells, grown on coverslips, were fixed with 4% paraformaldehyde for 15 min at 25 1C, followed by treatment with 0.1 M glycine for 10 min at 25 1C and with 0.1% Triton-X-100 for additional 5 min at 25 1C to allow permeabilization.
To induce LysoTracker internalization, cells were incubated with 100 nm LysoTracker-red (Molecular Probes) in DMEM for 30 min at 37 1C before fixation.
To study transferrin internalization and recycling, transfected HeLa cells were grown on glass coverslips, serum starved for 4 h in serum-free medium, followed by incubation with Tf-TxRed (50 mg/ml) for 10 min or 1 h at 37 1C before fixation. Incubations were stopped by placing the dishes on iceand cells were processed for immunofluorescence as described above. Nuclei were stained with DAPI (1:1000 in phosphate-buffered saline; Sigma). Coverslips were mounted with 90% glycerol in phosphate-buffered saline for observation at epifluorescence microscope. Cells were scanned in a series of 0.5 mm sequential sections by an ApoTome System (Zeiss, Hertfordshire, UK) connected with an Axiovert 200 inverted microscope (Zeiss); image analysis was then performed by the Axiovision software (Zeiss) and 3D reconstruction was obtained. Quantitative analysis of the extent of colocalization was performed using Zeiss KS300 3.0 Image Processing system (Zeiss). The mean±s.d. percent of colocalization was calculated by analyzing a minimum of 30 cells for each treatment randomly taken from three independent experiments.
Peptide array synthesis Peptides were synthesized according to standard SPOT synthesis protocols using an automatic spot synthesizer as described elsewhere (Santonico et al., 2007) .
